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Introduction {#s0005}
============

Recombination within RNA viral genomes is a powerful driving force behind the evolution of RNA viruses and has been widely documented in bacterial, plant, and animal viruses (for a review, see Ref. [@bb0005]). There are two possible models for RNA recombination: non-replicative or breakage rejoining[@bb0010], [@bb0015] and copy-choice recombination.[@bb0020], [@bb0025] Breakage rejoining mechanisms are similar to that occurring during mRNA splicing and involve a catalytic ligation of two RNA molecules. During copy-choice recombination, RNA replication is halted mid-flow and the template RNA dissociates. The nascent RNA remains associated with its polymerase, however, and is able to re-prime replication either at a new position on the original template or on a new template strand. Copy-choice recombination is thought to be the most common mechanism for RNA recombination in many RNA viruses and is thought to primarily occur during the synthesis of the negative-sense RNA strand from the positive-sense RNA genome.[@bb0030], [@bb0035]

RNA recombination may be advantageous to viruses through a variety of proposed mechanisms including the generation of viral escape mutants, the removal of deleterious mutations, the mating of viral genes and genomes, or the capturing of other viral or host genes. As a consequence, RNA recombination contributes to the extraordinary and rapid adaptability of RNA viruses and has been attributed to be the source of a number of recent outbreaks of, for example, dengue virus and echovirus[@bb0040], [@bb0045], [@bb0050] as well as the emergence of entirely new viruses, including severe acute respiratory syndrome-associated coronavirus.[@bb0055]

Conversely, viral RNA recombination may also facilitate the stepwise generation of defective RNAs.[@bb0060] Defective RNAs have lost their ability to independently encode functional viral proteins but maintain the sequence motifs required for RNA replication by the viral RNA-dependent RNA polymerase (RdRp) and so are able to proliferate parasitically. Additionally, defective RNAs are often packaged into viral particles and so may contain the necessary motifs required for encapsidation. If a defective RNA is able to attenuate the replication of the full-length RNA genome through competition for access to the RdRp, then they are known as defective-interfering RNAs (DI-RNAs).[@bb0065] DI-RNAs arise during both persistent and acute infections most commonly in cell culture[@bb0070], [@bb0075] but also occur during wild infections.[@bb0080], [@bb0085]

Flock house virus (FHV) is an icosahedral *T*  = 3 non-enveloped virus containing a positive-sense, single-stranded RNA genome. It is the prototypic member of the *Nodaviridae* family and provides an important model for the study of many pathogenic human viruses including poliovirus, human rhinovirus, and hepatitis C virus (reviewed in Refs. [@bb0090] and [@bb0095]). FHV naturally infects insects including *Drosophila melanogaster* as well as medically important insects such as mosquitoes (including *Anopheles gambiae*) and the tsetse fly.[@bb0100] The FHV genome consists of two positive-sense, single-stranded RNAs. RNA1 (3.1 kb) encodes the RdRp, which can autonomously replicate the FHV genome. RNA2 (1.4 kb) encodes the capsid precursor protein, α, 180 copies of which form the viral capsid. FHV packages one copy each of RNA1 and RNA2, but on average, nearly 2% of the packaged RNA is derived from transcripts of the host genome.[@bb0105] Additionally, virus-like particles (VLPs) of FHV can be made in cell culture by expressing the single capsid protein from a baculoviral vector in *Sf*21 cells.[@bb0110] VLPs spontaneously assemble into particles that are closely similar to native FHV, except that they package ribosomal RNAs, transcripts derived from the baculoviral expression vector and other cellular RNAs.[@bb0105]

Next-generation sequencing (NGS) has been used in multiple investigations to assess the polymorphism and mutation frequency within a viral genome, for example, in human immunodeficiency virus,[@bb0115] human rhinovirus,[@bb0120] and foot-and-mouth disease virus.[@bb0125] With NGS technology, it is possible to detect fusion events that may occur during RNA/DNA recombination and has been used to characterize mRNA splicing events[@bb0130] and to identify oncogenic chromosomal rearrangements.[@bb0135], [@bb0140], [@bb0145] Here, we use NGS to investigate the sequence variation as a result of RNA recombination within the genome encapsidated by FHV. We profile with single-nucleotide resolution hundreds of thousands of recombination events that have occurred during FHV genome replication and which have subsequently been encapsidated into virus particles.

Results and Discussion {#s0010}
======================

Data acquisition {#s0015}
----------------

FHV virions and VLPs were generated in cell culture and purified with multiple sucrose gradients as is well established for structural and biochemical studies.[@bb0150] We thus obtained highly purified viral RNA for RNAseq analysis by virtue of its encapsidation inside FHV virions and VLPs. We did not employ any additional RNA-selection steps, such as PCR or poly-A capture, which would yield a non-random population of RNA molecules. Moreover, the RNA encapsidated in FHV virions is directly relevant to virus infection as it is what may be delivered to another host cell during an infection.

The purified RNAs were fragmented and prepared for sequencing analysis using Illumina protocols for obtaining millions of single short reads. We thus obtained two raw data sets corresponding to the RNA encapsidated by FHV virions and VLPs---hereafter termed the FHV-RNAseq and VLP-RNAseq data sets. We applied a stringent quality filter to our data sets, as described in [Materials and Methods](#s0055){ref-type="sec"}, obtaining a total of 28.9 millions and 19.6 millions reads all exactly 95 nt in length for the FHV-RNAseq and VLP-RNAseq data sets, respectively.

Mapping of RNAseq reads to known encapsidated RNAs {#s0020}
--------------------------------------------------

To establish the identity of the RNA reads in the data sets, we mapped single reads using the Bowtie aligner[@bb0155] to genes already known to be present in either the FHV virions or VLPs. We have previously thoroughly characterized the contents of FHV virions and VLPs and so used these sequences as references here.[@bb0105] Reads were mapped in an end-to-end and un-gapped manner. The number of mapped reads for both data sets is shown in [Table 1](#t0005){ref-type="table"} . FHV virions packaged roughly equal stoichiometric amounts of FHV RNA1 and RNA2. Out of the 24.6 millions reads that aligned to the FHV genome, only 4 of these mapped to the negative-sense RNA transcript. In addition to the FHV genome, we also detected some encapsidated host RNA, as we have recently reported.[@bb0105] VLPs primarily packaged host RNA, most of which consisted of ribosomal RNA. VLPs also packaged transcripts from the baculoviral expression vector, which included the FHV RNA2 gene encoding the FHV capsid protein. We also detected a small amount of FHV RNA1 in our VLP-RNAseq (1103 reads), indicating that there was a low-level persistent infection with FHV in our *Sf*21 cells, as has also been reported for a number other cell lines.[@bb0105], [@bb0160], [@bb0165], [@bb0170] Consequently, we would also expect approximately 300 of the FHV RNA2 reads from the VLP-RNAseq data set to be present as a result of FHV replication (judging from the stoichiometric ratios of FHV RNA1 and RNA2 seen in the FHV-RNAseq data set), which is well below the total number observed in the VLP-RNAseq data set (1.46 millions). Note that the FHV RdRp would not be able to replicate the FHV RNA2 derived from the baculovirus vector as this is cloned without the appropriate 5′ and 3′ untranslated regions required for viral replication.[@bb0030] Table 1Mapping of RNAseq readsFHV-RNAseq%VLP-RNAseq%Totals reads28,939,99110019,604,376100FHV RNA117,888,03261.81103\< 0.1FHV RNA26,744,28223.31,462,7447.5Host genome1,081,6963.712,510,92463.8*Ac*MNPV[a](#tf0005){ref-type="table-fn"}---1,718,5228.8FHV RNA1--RNA11,167,9294.082\< 0.1 Insertions19,4940 Deletions1,106,8700 MicroInDels41,56582FHV RNA1--RNA211,068\< 0.10FHV RNA2--RNA122,288\< 0.10FHV RNA2--RNA233,8970.12168\< 0.1 Insertions10,872226 Deletions16,086130 MicroInDels69391812Other junctions19,0440.1 Recombinations1220 MicroInDels17,824Unaligned reads1,990,7796.93,889,78919.8[^1]

To illustrate the detection of recombination, we mapped the reads to two specific defective RNAs (R2D675 and R1D1626) that are known to arise during passaging of FHV in cell culture.[@bb0070], [@bb0075] These defective RNAs are formed by recombination events that occur between different portions of the FHV genome as illustrated in [Fig. 1](#f0010){ref-type="fig"} . Many of these result in large deletions of the RNA genome while others result in insertions or duplications (e.g., in R2D675, nucleotides 102--154 are duplicated and reinserted near the 3′ terminus). When these recombination events occur, a junction is generated with a novel nucleic acid sequence. From the FHV-RNAseq data set, 15 single reads mapped to R1D1626, and 101 mapped to R2D675, all of which mapped to junction sites that characterize the respective defective RNA. The locations of the mapped reads are illustrated in [Fig. 1](#f0010){ref-type="fig"}. As expected, no reads aligned to the portions of the defective RNAs that maintain a wild-type sequence as these reads were already aligned to the fully intact FHV genome. However, not all junction events were detected, indicating that the precise character of the defective RNAs generated in our sample was different to that previously identified. The mapping of reads over junctions present in known defective RNAs is important to illustrate how individual RNA recombination events within the FHV genome can be detected.Fig. 1Defective RNAs are detected by virtue of their unique recombination junctions. Defective RNAs that have been previously characterized in FHV infections[@bb0070], [@bb0075] are formed by recombination within. (a) FHV RNA1 to form R1D1626 and (b) FHV RNA2 to form R2D675. These recombination events generate unique junction sequences, labeled a--i for reference in [Fig. 2](#f0015){ref-type="fig"}. Reads from the FHV-RNAseq data set were mapped to these sequences and are indicated underneath the schematic for each defective RNA to illustrate their mapping over the recombination junction sites.

A reference pseudo-library containing sequences to all possible recombination events in FHV {#s0025}
-------------------------------------------------------------------------------------------

We extended our analysis to detect novel recombination events occurring within the FHV genome. To achieve this, we generated a reference pseudo-library containing millions of short reference sequences (≤ 150 nt in length) each corresponding to potential recombination events within the FHV genome. The pseudo-library was generated using a Python script whereby every 75-base sequence from the FHV genome was appended to every other 75-base sequence. We also allowed shorter sequences to be generated for reference sequences corresponding to recombination events occurring near the edges (≥ 20 bp) of the FHV genes. The reference pseudo-library contained 19,965,801 sequences describing junctions within FHV RNA1 and FHV RNA2 as well as between these two. For each reference, the first 75 nt on the 5′ side of the junction site is defined as the 5′ strand, while the 3′ nucleotides form the 3′ strand. Thus, by mapping 95-nt reads to reference sequences 150 nt in length where the recombination junction is placed between bases 75 and 76, a minimum of 20 nt from the single read must align to both the 5′ and 3′ strands. Junctions appearing in either 20-bp extremity of the single reads would not be detected. Consequently, there are 56 of a possible 94 'cutting' sites in the 95-bp single reads where junctions may be detected. While this will result in an underreporting of all possible recombination events, this prevents the possibility of mapping reads with too few nucleotides on one side of a junction to unambiguously assign its identity.

Alignment of the data sets to the pseudo-library for recombination profiling {#s0030}
----------------------------------------------------------------------------

The single reads from both the FHV-RNAseq and VLP-RNAseq data sets that did not align to the wild-type full-length reference sequences were next mapped to the junction reference library ([Table 1](#t0005){ref-type="table"}). Every read that mapped to the junction reference library mapped to the positive-sense strand. In the FHV-RNAseq data set, we detected a wide variety of junctions within each of the FHV genes. The majority of these were found within RNA1, accounting for approximately 4% of the single reads from the FHV-RNAseq data set and primarily corresponded to large deletions. A smaller number (\~ 0.1%) were found in RNA2 and, again, primarily corresponded to deletion events. Junctions that result in effective insertions or duplications of the FHV genes (where the 5′ strand is downstream of the 3′ strand) were observed. Junctions were also detected between FHV RNA1 and RNA2, indicating that RNA recombination between non-homologous templates has occurred, although these events are less frequent than those within RNA1 or RNA2 despite there being a greater number of possible recombination events that can be mapped.

These data are represented as heat maps in [Fig. 2](#f0015){ref-type="fig"} . Here, the *y*-axis describes the last nucleotide of the 5′ strand and the *x*-axis describes the first nucleotide of the 3′ strand. The number of reads that map to each particular junction is indicated with a color bar. The heat maps illustrate the wide array of junctions detected, reflecting the diversity of the packaged RNA as a result of recombination.Fig. 2Recombination events are widely detected throughout the FHV genome as illustrated using heat maps. (a) Heat maps show the location of junctions within RNA1, within RNA2, or between RNA1 and RNA2. The *y*-axis corresponds to the last nucleotide of the mapped 5′ strand and the *x*-axis corresponds to the first nucleotide of the 3′ strand. The number of reads mapping to each event is indicated with a color bar. The red boxes labeled a--i indicate the positions of the junctions in the defective RNAs illustrated in [Fig. 1](#f0010){ref-type="fig"} and are enlarged in (b) for RNA1 and in (c) for RNA2 to show the mapping in these locations. Blue cross-hairs indicate the precise position of the expected junctions.

Prominent horizontal and vertical striations are visible in the heat maps in [Fig. 2](#f0015){ref-type="fig"}. Interestingly, the locations of the striations are maintained regardless of the identity of the recombination partner; for example, the horizontal striation occurring between nucleotides 710 and 730 in RNA2 is present regardless of whether RNA2 or RNA1 provides the 3′ strands. These striations may therefore indicate a sequence-dependent preference in the selection of recombination sites. It is interesting to note that some of these striations pass through locations of previously characterized defective RNAs[@bb0070], [@bb0075] as well as locations of high-frequency events detected here. The positions of the horizontal and vertical striations do not correlate (Pearson coefficients are − 0.0035 and − 0.0019 for RNA1 and RNA2 recombinations, respectively). This indicates that the sequence-dependent selection of 5′ strands differs from that of 3′ strands. However, no apparent nucleotide preference at either strand could be detected, other than a weak underrepresentation of guanines at the junction sites ([Fig. S1](#ec0005){ref-type="supplementary-material"}). Additionally, there was no average sequence identity detected between nucleotides upstream of the junction site in the 5′ strand and nucleotides upstream of the 3′ strand, as has been reported for defective RNAs, for example, in dengue virus.[@bb0080] The selection of recombination sites may therefore have a more complex origin, for example, in the character of the local RNA secondary structure.[@bb0030]

The positions in the heat map that correspond to mapping to the defective RNA illustrated in [Fig. 1](#f0010){ref-type="fig"} are shown in [Fig. 2](#f0015){ref-type="fig"}b and c. The precise sites of the junctions corresponding to the previously identified defective RNAs are marked with blue cross-hairs and are relatively poorly represented (the reads indicated under the cross-hairs in the heat map are the same reads illustrated in [Fig. 1](#f0010){ref-type="fig"}). However, we detected two high-frequency junctions nearby that join nucleotides 249--517 and nucleotides 730--1229 (8544 and 1080 mapped reads, respectively---these can be seen in [Fig. 2](#f0015){ref-type="fig"}c insets f and g, respectively) and are two highest-frequency events detected within RNA2. This indicates that a different yet similar population of defective RNAs was favored in our virus sample.

We detected many high-frequency events in FHV RNA1 (58 unique junctions with \> 1000 mapped reads). Only one of these resulted in an effective insertion event (from nucleotide 1605 back to nucleotide 1087). The remainder resulted in deletions ranging from 13 to 1063 nt in length. [Figure 3](#f0020){ref-type="fig"} shows two regions of RNA1 to RNA1 recombination that are enriched with high-frequency events (349,194 reads in [Fig. 3](#f0020){ref-type="fig"}a and 224,347 reads in [Fig. 3](#f0020){ref-type="fig"}b). Interestingly, almost the entirety of these events resulted in deletions exactly 3n nucleotides in length (99% of the reads shown). As a result, the open reading frame (ORF) was maintained in each of these cases, suggesting that the RNA arising from these recombination events has been selected by virtue of their ability to produce a viable protein product. This may be either because RNA encapsidation is coupled to translation (as has been demonstrated for FHV[@bb0175]) or because a functional, yet truncated, form of the viral RdRp is being selected.Fig. 3High-resolution portions of the heat maps demonstrate regions containing multiple high-frequency recombination events. (a) and (b) show two regions of RNA1 that are highly enriched in recombination events. This reveals clusters of high-frequency events that potentially represent defective RNAs. Log--log plots of the ranked frequencies of unique recombination events between (c) FHV RNA1 and FHV RNA1, (d) FHV RNA2 and FHV RNA2, (e) FHV RNA2 and FHV RNA1, and (f) FHV RNA1 and FHV RNA2 indicate that their distribution is heavy tailed.

The high frequency of these recombination events suggests that they are present due to successive rounds of replication rather than to independent instances of RNA recombination. This is supported by the fact that the distribution of frequencies with which individual recombination events were detected is heavy tailed, reminiscent of a power-law distribution ([Fig. 3](#f0020){ref-type="fig"}c--f). This indicates that there is an overrepresentation of a small number of unique recombination events. Heavy-tailed distributions can arise when events are initially randomly generated, but some selected events are favorably duplicated,[@bb0180] as has been observed for a number of replicable components of eukaryotic and prokaryotic genomes.[@bb0185] Such a scenario is what we would expect during the generation of defective RNAs, which are initially generated by stochastic RNA recombination but are subsequently highly (sometimes competitively) replicated by viral RdRps.[@bb0060]

Detection of sequence reads spanning two recombination events {#s0035}
-------------------------------------------------------------

Many of the recombination events that we detected above occurred within close proximity to one another and it is likely that many of these were present on the same original defective RNA molecule. Consequently, single reads would be present in our data set that will span two recombination events and thus would not be able to map to our pseudo-library containing reference sequence with only single recombination events. To address this, we designed a second pseudo-library of reference sequences that contained combinations of two previously detected recombination events that occurred within close proximity. As before, we designed this library to enforce the single reads to map with at least 20 nt on the 5′ and 3′ sides of the recombination events. Consequently, the maximum distance allowed between junction sites was 55 nt (95 nt from a single read minus two 20-nt 'seeds') and we allowed a minimum of 5 nt. This second pseudo-library contained 19,379,090 reference sequences ranging from 95 to 145 nt in length. From the 1,990,779 reads that remained unaligned ([Table 1](#t0005){ref-type="table"}), we mapped an additional 80,374 reads to RNA1 recombinations and 58 reads to RNA2 recombinations. As each reference contained two recombination junctions, this corresponds to an extra 160,748 and 116 junction sites detected in RNA1 and RNA2 respectively.

VLP-RNAseq control demonstrates a low level of artifactual recombination in non-replicated RNAs {#s0040}
-----------------------------------------------------------------------------------------------

We also evaluated the VLP-RNAseq data set for the presence of recombination events. The VLPs were generated by expressing the capsid protein (FHV RNA2) from a baculoviral expression vector. In the absence of viral RNA replication, VLPs package host RNA and RNA transcripts from the baculoviral expression vector ([Table 1](#t0005){ref-type="table"}), which are transcribed by the host DNA-dependent RNA polymerases. We would not therefore expect any junctions to be present in the VLP-RNAseq data set as a result of recombination during viral RNA replication. The VLP-RNAseq data set was generated using the same procedure as for the FHV-RNAseq data set. Consequently, by searching for junctions within the VLP-RNAseq data set, we can estimate the amount of recombination that has occurred during PCR steps in the cDNA library preparation used for RNAseq, as is a recognized artifact.[@bb0190]

From the VLP-RNAseq data set, 82 reads mapped to RNA1--RNA1 junctions (note that RNA1 was present in very small quantities due to a potential low-level persistent infection of *Sf*21 cells with FHV) and 2168 reads mapped to RNA2--RNA2 junctions ([Fig. 4](#f0025){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). A prominent diagonal striation is visible, spanning the heat map of RNA2--RNA2 junctions. These events correspond to very short insertions and deletions. A histogram of the lengths of insertions and deletions that occurs due to each recombination event ([Fig. 5](#f0030){ref-type="fig"} ) shows that insertions and deletions 5 nt or shorter (known as MicroInDels) are abundant in the VLP-RNAseq data set as well as in the FHV-RNAseq data set. This indicates that their formation was not unique to the FHV viral polymerase but was most likely to have arisen during the amplification of the cDNA library used for sequencing. DNA polymerases are known to accrue MicroInDels[@bb0195], [@bb0200] and have been reported to be abundant in other NGS data sets.[@bb0205], [@bb0210] Consequently, we exclude all MicroInDels when counting and comparing recombination events between the FHV-RNAseq and VLP-RNAseq data sets, as indicated in [Table 1](#t0005){ref-type="table"}. Excluding these MicroInDels, only 356 reads from the VLP-RNAseq data set mapped to recombination events in FHV RNA2 (none were detected in FHV RNA1). In contrast, we detected 26,958 junctions in FHV RNA2 within the FHV-RNAseq data set.Fig. 4Few recombination events are detected in the control VLP-RNAseq data set. A heat map similar to those illustrated in [Fig. 2](#f0015){ref-type="fig"} of the junctions detected in the VLP-RNAseq data set demonstrate that the majority of events correspond to MicroInDels (*N* = 1812), evident as the strong diagonal striation. Other artifactual junctions were also detected but with low frequency (*N* = 356).Fig. 5Frequencies of insertions and deletions of a defined length. Histograms of the sizes of insertions or deletions formed by recombination events are shown. Recombinations are (a) within FHV RNA1 for the FHV-RNAseq data set, (b) within FHV RNA2 for the FHV-RNAseq data set, (c) within FHV RNA2 for the VLP-RNAseq data set, (d) within *Ac*MNPV ORF '1629' for the VLP-RNAseq data set, and (e) within a portion of the 18S rRNA for the VLP-RNAseq data set. Frequencies of insertions and deletions are indicated in the *y*-axis and their size is indicated on the *x*-axis (negatives are deletions). Insets on the right show blown-up regions of insertions and deletions ≤ 40 nt in length. The gray-shaded areas illustrate events corresponding to MicroInDels.

In addition to the FHV genome, we also made reference libraries for junctions occurring within two other highly abundant genes that were present in the VLP-RNAseq data set: ORF '1629' from the baculovirus expression vector and a portion of the 18S rRNA. Together with FHV RNA2, these transcripts made up a similar proportion of the VLP-RNAseq data set (4.19M of 19.6M reads = 21.3%) as FHV RNA2 alone did in the FHV-RNAseq data set (6.75M of 28.9M reads = 23.4%). They thus provide a suitable control against which to compare the FHV-RNAseq data set. We detected 1220 reads that mapped to recombination events occurring within these genes and between these genes ([Table S1](#ec0005){ref-type="supplementary-material"}), thus giving a total of 1576 artifactual recombination events per 4.19M mapped reads. This would be equivalent to 2539 reads per 6.75M mapped reads. Excluding the double recombinations, we detected 26,958 recombination events within FHV RNA2 (6.75M mapped reads) and 1,167,929 reads within FHV RNA1 (17.9M mapped reads) and a total of 33,356 between these two, which is clearly in great excess of the artifactual recombination detected in the VLP-RNAseq data set. We can therefore be confident that the background recombination noise in our FHV-RNAseq data set is low and that the recombination events observed in the FHV-RNAseq data set primarily reflect the activity of the viral RdRp.

Mutational frequency in the FHV genome {#s0045}
--------------------------------------

The coverage of reads across the wild-type FHV genome was not constant ([Fig. S2](#ec0005){ref-type="supplementary-material"}), as is common in RNAseq studies owing to PCR-mediated bias. Consequently, the number of detected junctions over FHV RNA1 and RNA2 were normalized by dividing the number of 5′ strand recombination events or 3′ strand recombination events by the number of wild-type reads that mapped at each nucleotide position to obtain the frequencies of recombination events. From this, we can make an estimate of the average recombination frequency across the FHV genome ([Table 2](#t0010){ref-type="table"} ). This will reflect both the frequency of individually generated recombination events and the replication of junctions that are found in the defective RNAs. However, the observed frequencies provided a metric with which to evaluate the amount of genetic variety in the virus sample. As these frequencies are likely to be inflated at the extremities of each gene due to the low coverage of wild-type reads in these regions (in particular at the 3′ terminus) ([Fig. S2](#ec0005){ref-type="supplementary-material"}), we also show the rates over just the ORFs of each gene. These values indicate that RNA recombination is an abundant source of mutagenesis and is comparable in magnitude to that of mismatch mutation ([Table 2](#t0010){ref-type="table"}).Table 2Mutation frequency across the FHV genomeRecombination at 5′ strandRecombination at 3′ strandMismatch mutationFHV RNA129.9 × 10^−^ ^4^4.8 × 10^−^ ^4^14.4 × 10^−^ ^4^(ORF only)(28.3 × 10^−^ ^4^)(4.9 × 10^−^ ^4^)(12.9 × 10^−^ ^4^)FHV RNA211.0 × 10^−^ ^4^73.3 × 10^−^ ^4^10.5 × 10^−^ ^4^(ORF only)(0.8 × 10^−^ ^4^)(7.8 × 10^−^ ^4^)(16.7 × 10^−^ ^4^)VLP RNA20.087 × 10^−^ ^4^0.2 × 10^−^ ^4^4.4 × 10^−^ ^4^(ORF only)(0.095 × 10^−^ ^4^)(0.15 × 10^−^ ^4^)(4.6 × 10^−^ ^4^)

As we are using RNAseq with single short reads, we are unable to detect recombination events that occur between two homologous templates but at identical sites as this would result in the conservation of the local nucleic acid sequence. However, the high rate of RNA recombination that we do detect suggests that such 'silent recombination' will also be abundant. Indeed, such a process would be highly important by allowing for the mating of homologous templates, potentially removing deleterious mutations, or by allowing the reshuffling of advantageous mutations that have occurred on separate RNA molecules.

Conclusions {#s0050}
===========

NGS has proven itself to be a valuable tool in assessing the mutational landscape of a viral genome. NGS has been used to map the positions of single-nucleotide polymorphisms in a viral population and to measure the frequency of mismatch mutation. Both of these are a source of considerable diversity within the 'genetic cloud' of a viral genome and are used to characterize the quasi-species present in a virus sample. Here, we have laid out an approach that extends these capabilities to include RNA recombination. By mapping the position and frequency of every possible junction within the genome of FHV, we present a highly detailed and complex landscape of the numerous recombination events that occur during viral RNA replication.

The strategy laid out in this article could equally be applied to a wide range of virus samples, including DNA viruses, and could add to our understanding of their diversity and evolution. The frequency of RNA recombination is known to vary widely between viral species, even among different positive-sense RNA virus, and could be assessed using NGS. The frequency of RNA recombination could also be compared between different preparations of the same virus, for example, during the course of an infection, or when amplified in different host cells for viruses that have a broad host range (e.g., dengue virus) or when viruses are exposed to antiviral therapies (e.g., ribavirin treatment for hepatitis C virus). Additionally, it would also be possible to search for recombination between different viral species during co-infections. This would be important for understanding the role of RNA recombination in the evolution of new viruses.

Our approach could also be used to discover and characterize novel defective RNAs and DI-RNAs potentially present in a variety of infectious viruses. The generation of DI-RNAs has been proposed to be a critical stage in the transition of acute to chronic viral infections[@bb0215] and DI-RNAs have been found in patients persistently infected with measles virus,[@bb0220] dengue virus,[@bb0225] and hepatitis C virus.[@bb0230] Characterizing DI-RNAs present even in very low titers may improve our understanding of viral infections and help identify variations of such elements between individuals or host organisms or during the progression of a viral infection. Additionally, characterizing what portions of the virus genome are present in the DI-RNAs will help us understand which components of the genome are necessary for replication by the viral polymerases. Similarly, by analyzing the nucleic acids packaged inside viruses, we may potentially find which components of the genome are required for successful encapsidation. Finally, therapeutic applications could be envisioned as discovering the identity of DI-RNAs may allow for their exploitation for treatment or prevention of acute viral infections. Such applications have been demonstrated, for example, in the form of deliverable vaccines[@bb0235] or through the transgenic expression of DI-RNA-like molecules.[@bb0240]

Materials and Methods {#s0055}
=====================

Virus and VLP preparation {#s0060}
-------------------------

For authentic FHV production, cultured S2 cells were grown in Schneider\'s media (Sigma) containing 15% fetal bovine serum (Gibco) using standard laboratory procedures. Cells were concentrated to 4 × 10^7^ cells/ml, infected with FHV at a multiplicity of infection of 1 and rocked for 1 h at room temperature. The cells were then diluted with Schneider\'s insect media to a final concentration of 8 × 10^6^ cells/ml and incubated at 27 °C in a rotary shaker. Cells were harvested 2 days postinfection. For the production of VLPs of FHV, *Sf*21 cells were cultured in TC-100 media (Invitrogen) supplemented with 10% fetal bovine serum (Gibco) using standard laboratory procedures. FHV RNA2 was expressed from the pBacPAK9 baculovirus vector as previously described.[@bb0110] Cells were harvested 3 days posttransformation.

Authentic virions and VLPs were purified using a series of sucrose gradients as is well established[@bb0150] in 50 mM Hepes, pH 7.0. Clarified cell lysates were spun at 40,000 RPM for 2.5 h onto a 30% sucrose cushion. The pellet was resuspended and then applied to a 10--40% sucrose gradient and spun at 40,000 RPM for 1.5 h. Fractions from the sucrose gradient were removed and analyzed by SDS-PAGE. Fractions containing only viral capsid proteins were pooled. This sample was then supplemented with 10 × DNase I reaction buffer (NEB), 20 U of DNase I (NEB), and 0.5 μg of RNase A (Roche) and incubated at room temperature for 2 h to remove any non-encapsidated co-purified DNA or RNA. The samples were then extensively washed with 50 mM Hepes, pH 7.0, on a 100-kDa molecular mass cutoff centrifugal concentrator. This sample was then applied to the top of a second 10--40% sucrose gradient and spun at 40,000 RPM for 1.5 h. Again, fractions from the sucrose gradient were removed and analyzed by SDS-PAGE. Fractions containing only viral capsid proteins were pooled and extensively washed on a 100-kDa molecular mass cutoff centrifugal concentrator. After this extensive purification, no cellular proteins could be detected by Coomassie stain on an SDS-PAGE gel and no RNA or DNA could be detected on a native agarose gel when loading 3 μg of virus.

RNA preparation {#s0065}
---------------

Purified FHV or VLPs were disrupted at room temperature by incubation in 0.1% SDS and 0.1 M NaCl for 15 min. RNA was extracted from the disrupted particles using an equal volume of acid phenol followed by three washes with 100% chloroform. RNA was then ethanol precipitated in the presence of 100 mM sodium acetate, pH 5.3. RNA pellets were washed in 70% ethanol, dried, and resuspended in pure water.

Directional RNAseq {#s0070}
------------------

RNA (0.4 μg) was prepared for NGS using a modified version of the Illumina protocol[†](#fn0005){ref-type="fn"} where 12 cycles of PCR were performed and standard TruSeq adapters and TruSeq barcoded primers were used. A final size selection was performed by native agarose gel electrophoresis to yield a library of inserts approximately 200 bases in length suitable for 100-base single-read sequencing. The library was extracted from the agarose gel using standard oligo purification columns. The prepared library was then loaded onto an Illumina HiSeq v3 single-read flowcell, standard cluster generation was performed on a Cbot, and sequencing was performed for 100 bases of the insert and 7 bases of the index read using standard HiSeq sequencing reagents on an Illumina HiSeq 2000 instrument. Reads were processed using CASAVA 1.8.2 and demultiplexed based on index sequences.

Read quality filtering {#s0075}
----------------------

Reads containing any fragment of the 3′ TruSeq adapter were detected and trimmed using cutadapt[‡](#fn0010){ref-type="fn"} [@bb0245] with default settings. Reads containing any base with a PHRED score \< 20 were discarded using the FASTX toolkit[§](#fn0015){ref-type="fn"} . The quality of the reads in the data set was assessed using the FastQC package[‖](#fn0020){ref-type="fn"} . This revealed a poor average base-calling quality in the final 5 nt of each read. Consequently, each read was trimmed down from the 3′ end to a total of 95 nt in length. Shorter reads were discarded.

Read mapping {#s0080}
------------

The *D*. *melanogaster* reference genome r5.22 was downloaded from the FlyBase repository[¶](#fn0025){ref-type="fn"} , and the mRNA refSeq library was obtained from the University of California Santa Cruz genome browser website[a](#fn0030){ref-type="fn"} . ESTs from *Spodoptera frugiperda* cell lines were downloaded from 'Spodobase'[b](#fn0035){ref-type="fn"} .[@bb0250] Sequences for the FHV RNA2 ([NC_004144](ncbi-n:NC_004144)), FHV RNA1 ([NC_004146](ncbi-n:NC_004146)), the *Attacus* *ricini* 45 s rDNA ([AF463459](ncbi-n:AF463459)), the baculovirus genome ([NC_001623](ncbi-n:NC_001623)), and defective RNAs (GU393238 and GU393241GU393238GU393241) were obtained from the National Center for Biotechnology Information. Reads were aligned to the host genome reference using the Bowtie alignment package version 0.12.7[@bb0155] [c](#fn0040){ref-type="fn"} in --v mode, tolerating up to three mismatched nucleotides per 95-base read. Alignment files were processed using SAMtools[@bb0255] [d](#fn0045){ref-type="fn"} and alignments were visualized and inspected using Tablet.[@bb0260]

Reads were mapped to the FHV genome using Bowtie parameters -v 2 \--best. Junctions were detected by alignment of the remaining reads using Bowtie parameters -v 2 \--best to a library of sequences corresponding to all possible recombination events in the FHV genome as described in the main text. Reads that mapped with mismatches and that mapped to the edges of the reference sequences were removed from the alignment (from the .sam file). This is because the mismatch tolerance can allow a read to map with fewer than the required 20 nt at either the donor or acceptor strand by claiming mismatching at the junction site of an adjacent but incorrect reference.

Accession numbers {#s0085}
-----------------

The FHV-RNAseq and VLP-RNAseq data sets are available online at the National Center for Biotechnology Information Small Reads Archive with accession number [SRP013296](igsn:SRP013296).

Appendix A. Supplementary Data {#s0090}
==============================
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Supplementary data to this article can be found online at [http://dx.doi.org/10.1016/j.jmb.2012.10.005](10.1016/j.jmb.2012.10.005)

[^1]: *Ac*MNPV, *Autographa californica* multiple nuclear polyhedrosis virus (baculovirus expression vector).
